ABSTRACT In this paper, we study the problem of conflict detection and resolution for unmanned aerial vehicle (UAV) swarms. Specially, we propose a distributed conflict detection and resolution method for multi-UAVs in formation based on consensus algorithm and strategy coordination. When encountering threat swarms, the UAVs in one swarm act as one unit and are together treated as one control object. Each swarm in conflict selects three candidate collision avoidance maneuvers from the preset strategy pool, generates the corresponding planned trajectories with an uncertainty trajectory modeling, and then broadcasts and shares them. All of the swarms in conflict coordinate and determine an optimal combination of strategies. When a collision is imminent, the primary strategy is activated. Each swarm adopts a ''leader-follower'' strategy, where the leader UAV is regarded as the controller and flies independently, and the others follow the leader UAV. During motion, a decentralized consensus algorithm is adopted for agents to converge to their positions for the desired formation and to maintain a stable geometric configuration. A temporal and spatially integrated conflict-detection model is improved, especially for UAV swarms. A token-allocation strategy is especially improved for distributed coordination to resolve the partial knowledge of the airspace condition. Damping of the coordination is proposed to address data dropouts and transmission delays. Two typical scenarios are conducted to test the methodology proposed in this paper. The simulation result demonstrates the effectiveness and rationality of the proposed methodology.
I. INTRODUCTION
In recent years, clustering and autonomy have gradually become one of the major trends of development for unmanned aerial vehicles (UAVs). Multiple fixed-wing UAVs in a specific formation have the advantages of lower flight resistance, lower energy consumption, longer flight range and a larger payload than a single UAV [1] . Indeed, conflict-detection and resolution (CDR) algorithms play a critical role in guaranteeing the flight safety of UAVs. Such an algorithm should provide a collision avoidance (CA) strategy not only for agents in a swarm but also for different swarms. However, there
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are few studies concentrating on CDR algorithms for UAV swarms. Traditional CDR methodologies concentrate on single UAVs, which are not applicable to UAV swarms. Control algorithms with collision avoidance mostly concentrate on inner collision avoidance between agents in formation but ignores external invaders.
To address the problem, this paper proposes a distributed conflict detection and resolution (CDR) method for multi-UAVs in formation based on consensus algorithm and strategy coordination. Consider N swarms of UAVs S 1 , S 2, . . . ,S N (a so-called swarm). Swarm T i has M UAVs (A i1 , A i2 , . . . ,A iM ), including M − 1 followers and a leader moving in R 3 . Their established trajectories cross at a certain airspace. When encountering invading UAV swarms, the UAVs in one swarm act as one unit and are together treated as the control object. Each swarm chooses three candidate CA maneuver from a preset pool of CA strategies and then generates and broadcasts their corresponding planned trajectories. Next, all swarms in the conflict coordinate and determine a combination of optimal strategies. When a collision is imminent, the primary CA maneuver is activated. During the motion, a distributed consensus algorithm is adopted for the agents in one swarm to maintain a stable geometric configuration and to fly in formation cooperatively. The leader aircraft is regarded as the controller of the formation and flies independently. Additionally, to address the possible incomplete information in the distributed coordination, we propose a special token-allocation. To address the annoying transmission delays and data dropouts we induce a damping into the process of coordination. Aiming at the uncertainties of state estimations, we propose uncertainty modeling to reduce the possible impact.
The outline of this paper is as follows: Section 2 summarizes current CDR methodologies; Section 3 describes the formation control; Section 4 describes the conflict detection model; Section 5 describes the collision avoidance strategy generation model; Section 6 describes the activation of the collision avoidance maneuver; Section 7 demonstrates the simulation results; Finally, Section 8 summarizes the paper and briefly introduces future works.
II. LITERATURE
CDR algorithms for UAV swarms often merge with formation control algorithms. Control algorithms with CDR can be sorted into two general types: rule-based approaches and optimization-based approaches [2] . The former mainly includes an artificial potential field (APF) approach [3] , [4] . The modified APF only retains a repulse potential field which functions to widen the distance between agents when their relative distance is less than a certain threshold. The latter mainly includes a model predictive control (MPC) based approach [2] , [5] , [6] [7] . The MPC cost function is extended by a penalty term to ensure obstacle collision avoidance. Most control algorithms with CDR only concentrate on collision avoidance among agents in a swarm and guarantee the order and security of a formation, but they rarely consider external dynamic threats such as other invading UAV formations.
There are some other collision avoidance (CA) algorithms for single UAVs that are mainly sorted in two general categories: tactical and strategic [8] . The former mainly includes geometric collision avoidance algorithms (GA) which analyze relative spatial geometric relations between pair UAVs and provide a passive CA strategy. The latter mainly contains trajectory-planning algorithms (TPA) which actively plan conflict-free routes connecting different locations.
GA consists of two typical methods: the point of closed approach (PCA) [9] , [10] and the collision cone approach (CCA) [11] - [14] . PCA estimates the nearest distance between the planned trajectories of pair UAVs and the time to reach the closed approach point and then generates a CA strategy through 'Vector Sharing Resolution' maneuver logic [9] . The principle of CCA is to create a spatial sphere zone [11] or a cylinder zone [12] , [13] centered at the invader aircraft. The CA maneuvers are then generated by adjusting the relative velocity of the current aircraft to be tangent to the spatial zone. GA is effective in solving conflicts among pair aircraft but is not suitable for multiple aircraft, not to mention UAV swarms.
Trajectory-planning algorithms comprise APF algorithms [17] , [18] , linear programming [19] , the A * grid-based methodology [20] , [21] , etc. The APF algorithm artificially defines an abstract potential field in the flight zone for UAVs, which is the superposition of the gravitational field of the target position and the repulsive field of the obstacle in the environment. Many studies have been conducted to improve the traditional APF, such as collective navigation for multiple UAVs [15] and the combination with the Lyapunov to overcome the saddle point [16] . The process of collision avoidance is converted to a partially observable Markov decision process (POMDP) and a generic solver is presented as a scheme in paper [17] . A formal approach to reciprocal n-body collision avoidance is proposed by reducing to solve a low-dimensional linear program for multiple mobile robots in paper [18] . The A * algorithm is applied to traverse a graph to plan conflict-free flight routes [19] . It is further improved to generate a coordinated and decentralized embarked conflict solver [20] . Most trajectory-planning algorithms are centralized and apply only to fixed obstacles and are not suitable for dynamic obstacles and multiple swarms.
In addition to the above CDR algorithms, there are two other available algorithms in practical engineering. The traffic collision avoidance system (TCAS) is applied to civil aviation aircraft. The automatic aircraft collision avoidance (Auto-ACAS) is applied for fighters in air combat training environments. The TCAS does not control the aircraft but only provides resolution advisories (RAs) in vertical directions for pilots [21] - [23] . Auto ACAS performs an automatic, aggressive strategy to avoid collisions with other fighters [24] - [26] . Both TCAS and Auto-ACAS are designed mainly for paired-manned-aircraft encounters. Table 1 detailedly summarizes the publications of CDR methodologies. ''Cooperative'' means aircraft communicate and coordinate with each other to avoid collision in the proposed method. The objects in the CDR algorithm could be classified as ''Pair individual aircraft'', ''Multiple individual aircraft'' and ''Formation''. Indeed, ''Pair'' indicates the algorithm solves conflict between two individual aircraft. ''Multiple'' indicates the algorithm solves conflict between multiple individual aircraft. ''Formation'' indicates the algorithm solves conflict between multiple formations. Control scheme consists of centralized and decentralized control scheme. The method could be classified as tactical, strategic, artificial potential field (APF)'', model predictive control (MPC). 
III. FORMATION CONTROL
During a collision avoidance motion, a UAV swarm cooperatively flies in formation and acts as one unit. Inside the UAV formation, each aircraft makes a geometric configuration of the swarms. A consensus algorithm and a leader-follower structure are simultaneously applied in the formation control to guarantee formation convergence. In formation, the desired path is determined by the leader aircraft. Each of the aircraft will converge to a time-variant desired position while avoiding collisions among them.
In the formation control, we establish two control schemes, which are a high-level control scheme and a low-level control scheme. The former one is based on graph theoretical and geometric analysis and generates the desired positions for each agent in its swarm. The later one is an agent motion controller which generates control signals for each UAV in a swarm to converge to the desired trajectories.
A. MODELING A NETWORK STRUCTURE OF A SWARM
In this paper, an asymmetric formation control is adopted [27] where, for each distance-keeping task in the corresponding agent pair, only one aircraft is responsible.
A ''leader-follower'' structure has the advantages of flexibility and controllability which is the most convenient structure with distributed control scheme [27] . As shown in Figure 1 , each swarm consists of four aircraft, including three followers and a leader aircraft. The four aircraft maintain a regular triangle geometric configuration. The leader aircraft is at the center of the triangle, and the follower aircraft are at the vertices of the triangle. The leader aircraft flies along the desired flight path, whereas the three other aircraft follow the leader aircraft and are expected to keep a relative horizontal desired distance Hd, a vertical desired distance Vd, and an angle θ relative to the motion direction of the leader aircraft.
There are two necessary assumptions: Assumption 1: Every follower aircraft in a swarm has bidirectional connections with the leader aircraft.
Assumption 2: The leader aircraft of the different swarm have bidirectional connections with each other.
In mathematics, graph theory is the study of graphs, which are mathematic structure used to model relations between objects. In this paper, A graph theory is applied to describe the ''leader-follower'' structure. A directed graph G F = (V F , E F ) represents the multi-UAVs swarm, which is required to maintain a certain geometric configuration. The leader-follower structure in this paper is shown in Figure 1 .
In the directed graph G F = (V F , E F ), it has a vertex set V F and an edge set E F , where each vertex i in the vertex set V refers to an aircraft A i in the swarm S and each directed edge − − → (i, j) in the edge set E from i to j indicates that aircraft A i could measure its distance from A j and is responsible to keep a desired distance d ij from aircraft A i . In our experiment, we call that aircraft A i follows A j . In summary, the swarm S = {A 1 , A 2 , . . . , A m }, together with the graph G F = (V F , E F ), and the desired distance set D F = d ij | − − → (i, j) ∈ E F constitute the formation of the leader-follower structure, which could be represent by F = (S, G F , D F ). The desired distance set D F regulates the geometric configuration of leader-follower structure.
The control task is to maintain the shape of formation during motion, forcing the inner distances to track the constant values defines in D F . The problem is approached by a two-level control scheme: At the high level, a trajectory generator is designed for leader aircraft; At the low level, individual motion controller is designed for follower aircraft to track the trajectories generated at high level [2] .
B. HIGH-LEVEL-CONTROL DESIGN FOR GENERATING THE TRAJECTORY
The leader aircraft independently flies along the desired flight path, whereas the three other aircraft follow the leader aircraft and are expected to maintain a relative desired distance and direction.
Each aircraft A i is modeled as a sphere centered at p i (t),
T indicates the center of mass of the aircraft.
the velocity of aircraft A i at moment t. At moment t, the desired relative positions r i (t) for the follower aircraft A i are as follows:
The desired global position p id (t) for A i is related to the position of the leader aircraft p 1 (t), and the desired relative distance d i1 .
The control law to generate the desired value of V id for each aircraft A i is as follows:
where ε k > 0 is a small design constant, and σ i (t) is used to avoid chattering due to small but acceptable errors.
C. LOW-LEVEL CONTROL DESIGN FOR GENERATING THE TRAJECTORY
To maintain the geometric configuration of a UAV formation, in part B, we have established the high-level-control design for generating the desired position for each aircraft in one swarm. Then in part C, we build the low-level motion design to generate the control signals s h,i cmd , ω h,i cmd , and z i cmd to track the generated desired positions for each individual aircraft in the swarm. The control signals are generated with the help of the inner control loop applied on mechanical actuators such as rudders, ailerons and elevators.s h,i cmd denotes the commanded lateral speed, ω h,i cmd denotes the commanded lateral turn rate, z i cmd denotes the commanded altitude. A distributed control pattern that considers both dynamical and kinematical modeling is proposed for the low-level motion control of each aircraft. For the fixed-wing UAV dynamics model, the control pattern for the Piccolo-controlled UAVs in [28] is adopted.
indicates the lateral speed. θ i and ω i respectively represent the lateral heading and the lateral turn rate of aircraft A i . The accelerationV h,i (t) is defined within s≤V h,i ≤ s.T z , T ω ,T z are time constants which are related to the operation frequency.
The function of the low-level controller is to generate control signals for each aircraft to track the time-varying expected trajectory generated. Considering the Lyapunov function, we approach the design of the low-level design to generate the command signals s h,i cmd , ω lat,i cmd , and z i cmd by forcing P v i (t) to decay to zero [27] . The detailed deduction procedure is summarized in paper [27] . The control signals are given as follow:
IV. CONFLICT-DETECTION MODEL
In paper [29] , the space-conflict sphere is a sphere centered at each individual aircraft. The new space-conflict sphere for a swarm is a sphere of a radius SD centered at the leader aircraft that embraces all the space-conflict spheres of the agents of the swarm. If an object steps into the space-conflict sphere of one swarm, it poses a threat to that swarm and is regarded as an invader. The judgment condition of a conflict in the spatial dimension is as follows: the Euclidean distance between the leader aircraft and the object is less than the safety threshold distance. If the object is another swarm, the condition is the distance between the leader aircraft of the two swarms.
For an aircraft formation,
T is the space position of the leader aircraft at moment t 0 .
As is shown in Figure 3 , the isolation zone for a single aircraft is a sphere of radius r centered at own aircraft. The radius r is the sum of the UAV's wingspan and the desired separation distance (DSD). For a UAV formation, the isolation zone is sphere of radius FR centered at the leader aircraft. The isolation zone for one swarm needs to embrace all the isolation zones of each single aircraft in the formation. Consider the geometric configuration of a formation with radius FR ≥ r + d. d is the desired relative distance between the leader aircraft and the follower aircraft. The isolation zone is the last collision separation zone for the UAV formation. No other object can cross the isolation zone of a UAV swarm, otherwise it is regarded as a collision.
The time conflict zone is based on the predicted trajectory. If the predicted trajectory of two swarms cross in space within the limited time, they are in conflict in their temporal dimensions. The predicted future trajectory is the possible spatial location of a swarm in the future. When predicting the future trajectory, there exist some uncertainties: (1) Navigation uncertainties; (2) Trajectory generation uncertainties; (3) trajectory reconstruction uncertainties; (4) datalink transmission uncertainties, etc.
Considering that the uncertainties involved might makes the solution computationally difficult on a practical UAV, an error cone R ( t) with a given distribution is formed to reduce the uncertainties and complexity. As shown in Figure 4 , the points P (t 0 + t) are the predicted positions of the leader aircraft at moment t 0 + t generated through the six-degree-freedom motion. The forces and moments are approximated according to standard build-up methods using dimensionless coefficients obtained from the literature [30] .
The red line that consists of numerous points is the original predicted trajectory of the leader aircraft. With the uncertainty
modeling and error analysis, a predicted position for a swarm is expanded from a point to a sphere zone V (t 0 + t). Each cone V (t 0 + t) represents the location range of the swarm at moment t 0 + t centered at the predicted position of the leader aircraft P (t 0 + t) with radius DR. The conical region CR (t 0 , t 0 + t) is composed of numerous cones V (t 0 + t) in durations of (t 0 , t 0 + t).
The radius DR( t) of a cone is the sum of the FR and the errors R ( t), where FR is the radius of the isolation zone of one swarm.
When multiple swarms encounter in an airspace, each swarm will be allocated a degree of criticality E i . The criticality determines the priority during coordination. The criticality E i is related to the relative distance RD ij , the relative speed RS ij and the involved number of aircraft N in a formation, (23)- (26) , as shown at the top of this page.
V. COLLISION AVOIDANCE STRATEGY GENERATION MODEL
In formation flying, one swarm is considered a unit with the leader aircraft as the control center of the formation. The leader aircraft controls the formation flying and plans a collision-free trajectory for the whole formation. When getting involved in a conflict with other swarms, the leader aircraft will prepare an escaping track for its own formation. There are two steps in planning the CA maneuver.
First, the leader aircraft independently selects three candidate strategies from a set of strategies. The process does not need any communication with the invader object but bases on identifying the relative geometric situation and are relative to the flight path vector, relative distance and approaching speed. when defining the category of invader objects, the algorithm evaluates all the neighboring objects and assesses their potential collision risk, then determines whether they should be equally considered or whether some objects should be excluded. When assessing the relative geometric situation, the algorithm judges whether the invader object is forward, beside, or behind the own swarm, whether the invader object is above or below own swarm, and whether the invader object is in a head-on or tail-chase configuration. From this evaluation, the algorithms create a subset of the available strategies for further processing. Meanwhile, the primary strategy in the previous step should maintain in the three candidate strategies to guarantee continuity. For example, if an invader object maneuvers in a head-on configuration and from the left front, the algorithm should remove the options for rolling to left. Then, only six strategies could be considered for this situation with the algorithm sequencing between the six strategies organizedly to determine only two strategies, the third strategies would the primary strategy of the previous step.
In relevant studies [26] , [27] , the CA maneuver style (MS) is set through a large amount of experiments. The pool of strategies could provide CA maneuvers in all directions, including vertical and horizontal directions. Setting the MS in advance could improve the response speed, reduce the system budget, and always provide good solutions. Comprehensively considering the aircraft's performance, characteristics and actual experiments, the following nine MS are set: (1) roll greatly to the left; (2) roll moderately to the left; (3) roll slightly to the left; (4) roll greatly to the right; (5) roll moderately to the right; (6) roll slightly to the right; (7) climb with a 1 g overload; (8) dive with -1 g overload; (9) maintain the current track.
At each interval, the leader aircraft of the swarm generates three planned trajectories corresponding to the candidate CA strategies and then transmits the trajectory information through the data link to the invader object. To mitigate data transmission overloads, only positions at moments 0 s, 1 s, 2 s, 3 s, 4 s, and 5 s and the error cone are transmitted. When the leader aircraft receives the trajectories information, it adopts a quadratic curve fitting method to reconstruct the conical zone of the invader object.
Second, after sharing the planned trajectories among the swarms in conflict, the leader aircraft of the different formations coordinate, evaluate the combination of planned trajectories and determine the primary strategies. The principle of choosing primary strategies is as follows: select the combination with the largest robustness value. The robustness value is related to the minimum distance between the planned trajectories to delay the activation of CA maneuvers as long as possible. As shown in Figure 5 , formations S1 and S2 each have three candidate strategies, and the combination has nine
The combination of strategies (a × d) has the largest robustness value.
When swarm S 1 take strategy a and swarm S 2 take strategy d, the predicted minimum distance (PMD) between the corresponding planned trajectories is as follows:
The robustness value ω (S 1 (a) , S 2 (d)) is as follows: The larger the PMD between the planned trajectories is, the greater the robustness value is. When the PMD is less than the threshold SD, it might induce a collision, so the robustness value is set as minus infinity. If N objects get involved in a conflict, there exist 3 N combinations of candidate strategies. For any combination: The primary combination of strategies is the combination with the lowest R.
When multiple UAV formations encounter each other in a local airspace, the aircraft do not have the same situational awareness. A special token allocation method [20] , [31] is proposed to solve the partial knowledge of the environment and coordination with incomplete information, which is the main problem of the distributed CDR algorithm.
Every pair of objects in a conflict is compared, and the one with a higher criticality delivers its own token and its received tokens to the lower one. The order reaction is anti-symmetrical and transitive. Even pairs of objects are not able to detect each other, the token-passing mechanism could also decide the priority. At each step of coordination, the UAV swarms with no tokens evaluates the coordination of strategies and determines the primary strategy. When determined, it broadcasts its primary strategy. Next, all UAV swarms that have received a token from the former cancel their tokens. The above steps are then repeated until no tokens exist.
As is shown in Figure 6 , there are four swarms with incomplete awareness to airspace. The link represents the detection and priority between pairs. The table 2 records the tokens of each swarm at different steps in the cycle of a coordination. In the first step, swarm S 1 coordinates with formation swarms S 2 and S 3 and determines the primary strategy; in the second step, swarm S 3 considers the primary strategy of swarm S 1 and coordinates with swarms S 2 and S 4 and determines the primary strategy; in the third step, swarm S 2 considers the primary strategy of swarms S 1 and S 3 and then coordinates with swarm S 4 to determine the primary strategy; in the fourth step, swarm S 4 considers the primary strategy of swarms S 1 , S 2 and S 3 and then determines the primary strategy.
The determination of a primary strategy does not mean swarms will perform it immediately. It only provides an escape scheme when a collision is inevitable and imminent. Before the activation of a CA maneuver, the updating of swarm states, the generation of candidate maneuvers and the sharing of planned trajectories proceed continuously at a regular frequency. This is because in a highly dynamic and complicated environment, there are transmission delays and data dropouts. The challenge is realizing a complete coordination between the cooperating objects. If the coordination and determination of strategies are too rapid and proceed at each frame, they might get out of phase and bring about uncoordinated planned trajectories [20] . To respond to this challenge, this paper introduces damping into the coordination process. As shown in Figure 7 , each loop involves four frames.
For the periodically selected frame, three candidate strategies for each swarm are generated, the corresponding planned trajectories are generated and shared among the conflicted swarms, and then they coordinate and determine the primary strategies. During the other frames, the coordination does not proceed, and the three candidate strategies remain unchanged, but the corresponding planned trajectories are updated to account for changing states. The updated planned trajectories are broadcast via the datalink to share the latest situation. This design increases the redundancy, improves the robustness and could ensure that coordination occurs after receiving multiple almost repeated datasets, which reduces the impact of data dropouts and transmission delays.
VI. ACTIVATION OF A COLLISION AVOIDANCE MANEUVER
The CDR algorithm should minimize the interference with a normal flight of swarms. The principle of the method is ''Do Not Interfere'' [24] , which means activating a CA maneuver as late as possible. There exists a critical moment for activating a CA maneuver [31] . Before the critical moment, a pair of swarms have multiple options to avoid collision; at the critical moment, a pair of swarms can avoid collision only through simultaneously adopting optimal strategies. Once past the critical moment, under the restrictions of the UAVs' performance, such as the turning angle and turning radius, they cannot avoid a collision. As shown in Figure 8 , the critical moment is when the pair of planned trajectories corresponding to the primary strategy touch each other.
When multiple swarms get involved in a conflict and any pair of swarms reach the critical moment, the pair activates the primary strategies for collision avoidance, and the other swarms continue the established flight path. As shown in Figure 8 , swarm S 1 conflicts with swarm S 2 and S 3 . Swarm S 1 and S 2 first reach the critical activation moment. Therefore, swarm S 1 and S 2 activate their primary strategies and fly along the planned trajectories, while swarm S 3 , which does not reach an activation moment, continues to fly along the established flight path.
To determine when activation is absolutely required, the predicted minimum distance (PMD) between the planned trajectories corresponding to the primary strategies, and the allowed minimum distance (AMD) are compared. When the critical activation moment is reached, i.e., the (PMD) is less than the AMD, the swarms activate the CA maneuver. The AMD is not a fixed value, and it can be adjusted according to the security requirements.
VII. EXPERIMENT
For the conflict detection and resolution algorithm, the biggest challenges are multiple-aircraft conflicts and chain conflicts. The former is when an aircraft encounters multiple invading aircraft simultaneously, and the latter is when an aircraft encounters multiple invading aircraft in succession. To validate the proposed methodology in complex situations, we designed two extreme scenarios. One is a five-swarm collision scenario, and the other is a four-swarm-chain collision. The two scenarios might be rare with the current situation, but as more and more UAV swarms pour into the sky, it is important and necessary to prevent trouble before it happens.
A. INITIAL CONDITIONS
The UAVs in the simulation experiment are fixed-wing aircraft supplied by the Aerospace Science and Technology Laboratory, National University of Defense Technology, China. The fixed-wing UAV dynamics model is adopted from the Piccolo-controlled UAVs given in [28] . For each aircraft, the ground speed is 40 m/s, the mass is 100 kg, and the wingspan is 8.4 m. Both the yaw-rate limit and the pitch-rate limit are 20 deg/s. Each swarm consists of four UAVs in our experiment, and the number of each swarm is adjustable. The safe distance for each aircraft is set as 15 m, and the safe distance for each swarm is set as 60 m, both of which are adjustable with minimum restrictions to meet different security requirements. Each swarm has four aircraft. One is the leader aircraft, and the other three are the follower aircraft. The four aircraft keep the same speed. The desired horizontal and vertical distances and the relative angle are in Table 3 . The simulations were conducted in MATLAB on a desktop PC with intel Core i7 2.20GHz processor and 8GB RAM.
B. MULTIPLE-SWARMS SCENARIO
As is shown in figure 9 , there are five clusters of aircraft in formation, and they autonomously and independently cruise in a certain airspace. Table 4 records the flight states of the leader aircraft of the five swarms. Their planned flight trajectories cross at some point, which means that if they maintain the flight state, there will be a collision among the five swarms. Figure 10 records the actual trajectories of the five swarms in three-dimensional space. Figure 11 separately records the trajectories of each swarms in three-dimensional space. The computing time for the entire 60-second simulated period of five swarms is 4.45s. The five swarms take different maneuvers to avoid collisions, including horizontal and vertical maneuvers. At moment 10 s, a collision between swarms 2 and 4 is imminent, so swarm 2 chooses to roll greatly to the right, and swarm 4 chooses to climb to avoid a collision. At moment 12.0 s, a collision between swarms 1 and 5 is imminent, so swarm 1 chooses to dive, and swarm 5 chooses to roll greatly to the right to avoid a collision. At moment 13.3 s, a collision between swarms 1 and 3 is imminent, so swarm 1 chooses to continuing diving, and swarm 3 chooses to climb to avoid a collision.
Figure12 records the actual trajectories on the horizontal plane. Swarms 2 and 5 maneuver in a horizontal direction to avoid a collision, while swarms 1, 3, and 4 maneuver in a vertical direction to avoid a collision. Swarms 2, 3, 4, and 5 succeed in avoiding a collision and fly over the conflicted airspace by maneuvering once, while swarm 1 maneuvers twice due to the chain conflict. The activation of a CA maneuver averaged 1∼3 s before the collision. Figure 13 records the relative spatial distance over time between swarms, and Table 5 records the minimum distance between pairs of swarms during the motion. The relative spatial distances between swarms are always larger than the safe distance. The validity of the algorithm has been verified in multiple-swarm scenarios.
x,y in figure represents distance between aircraft x and y. Figure 14 records the relative spatial Euclidean distances between the aircraft in the five swarms. The red lines represent the distances between the follower aircraft and the leader VOLUME 7, 2019 aircraft, while the blue lines represent the distances between the follower aircraft. The distances within swarms 1, 2 and 3 remain stable, while the distances within swarms 4 and 5 fluctuate greatly, which is caused by the inertia for the follower aircraft cannot change attitude or velocity immediately. However, the result still satisfies the security requirements. The distances between aircraft within a formation are always larger than 15 m, which guarantees the safety of the swarms, and the distance between leader aircraft and follower aircraft is always less than 35 m, which guarantees that follower aircraft are within the isolation sphere of their swarm.
C. CHAIN-CONFLICT SCENARIO
As is shown in Figure 15 , there are four clusters of aircraft in formation, and they autonomously and independently cruise in a certain airspace. Table 6 records the flight states of the leader aircraft of the five swarms. Their planned flight trajectories cross at different points separately, which means that if they maintain the flight state, there will be chain collisions among the four swarms. Figure 16 records the actual trajectories of the four swarms in three-dimensional space. Figure 17 separately records the trajectories of each swarms in three-dimensional space. The computing time for the entire 60-second simulated period of the chain-conflict scenario is 3.52s. The four swarms perform different maneuvers to avoid a collision, including horizontal and vertical maneuvers. At moment 9.7 s, a collision between swarms 1 and 4 is imminent, so swarm 1 chooses to roll greatly to the right, and swarm 4 chooses to roll greatly to the left to avoid a collision. At moment 10.0 s, a collision between swarms 2 and 3 is imminent, so swarm 2 chooses to roll greatly to the right, and swarm 3 chooses to dive to a avoid collision. At moment 13.8 s, a collision between swarms 2 and 4 is imminent, so swarm 2 chooses to climb, and swarm 4 chooses to dive to avoid a collision. Figure 18 records the actual trajectories on the horizontal plane. Swarms 1, 2 and 4 maneuver in a horizontal direction to avoid a collision, while swarms 2, 3 and 4 maneuver in a vertical direction to avoid a collision. Swarm 3 succeeds in avoiding a collision and flies over the conflicted airspace by maneuvering once, while swarms 1, 2, and 4 maneuver twice due to the chain conflict. The activation of CA maneuver averaged 1∼3 s before the collision. Figure 19 records the relative spatial distance over time between swarms, and Table 7 records the minimum distance between pairs of swarms during the motion. The relative spatial distances between swarms are always larger than the safe distance. The validity of the algorithm has been verified in multiple-swarm scenarios.
x,x represents distance between aircraft x and x. Figure 20 records the relative spatial Euclidean distances between aircraft in the four swarms separately. The red lines represent the distance between the follower aircraft and the leader aircraft, while the blue lines represent the distance between the follower aircraft. Although there exists oscillation for the follower aircraft cannot change attitude or velocity immediately, the result satisfies the security requirement. The distances between aircraft within a formation are always larger than 15 m, which guarantees the safety of swarms, and the distance between the leader aircraft and the follower aircraft is always less than 35 m, which guarantees that the follower aircraft are within the isolation sphere of a swarm.
VIII. CONCLUSION
In this paper, a distributed CDR methodology based on a consensus algorithm and strategy coordination is proposed for multiple swarms. The methodology performs a decentralized, automatic collision avoidance maneuver for UAV swarms. Through a consensus algorithm of cohesive motion control, UAVs in one swarm act together as one unit during the motion. Each swarm selects three candidate strategies and generates their corresponding planned trajectories. Next, through distributed coordination, each swarm determines their primary strategy. When a collision is imminent, the primary CA maneuver is activated.
The following conclusions are drawn: (1) The major contribution of this study is investigating the CDR methodology for multiple swarms. The proposed method demonstrates great effectiveness and rationality in complex multi-swarmencounter conflicts and dynamic chain conflicts. (2) This study applies a consensus algorithm in formation controlling during the motion of a collision avoidance maneuver. The UAVs in one swarm act as one unit and are together treated as one control object, which guarantees the stability and order of formation. (3) The study investigates uncertainty trajectory modeling. The future trajectory of a swarm is extended from a single line to a conic cone considering the uncertainties in the prediction. (4) This study investigates a novel conflict detection algorithm for UAV swarms that integrates the spatial and temporal dimensions.
Recommendations and future work are as follows: (1) As the second step of the corresponding research, the proposed methodology will be examined in an actual environment with various complicated and typical scenarios. (2) Take the processing capability of an actual aircraft and the transmission capacity of datalinks into consideration, and further reduce the complexity of the proposed algorithm and increase the procession efficiency in complex situations to improve the capacity to be faster than real-time on a single processor. 
